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HIGHLIGHTS 


GRAPHICAL  ABSTRACT 


►  NaYF4:Yb3+,Er3+/Ti02  core-shell 
nanoparticles  as  the  photoelectrode 
of  DSSCs. 

►  It  can  convert  infrared  to  visible 
luminescence  and  retain  semi¬ 
conductor  character. 

►  The  DSSCs  with  this  core-shell 
appeared  the  best  photoelectric 
performances. 
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Novel  upconversion  NaYF4:Yb3+,Er3+/Ti02  core— shell  nanoparticles  (NPs)  are  synthesized  and  used  to 
prepare  the  photoelectrode  (PE)  of  dye-sensitized  solar  cells  (DSSCs).  The  morphology,  structure,  pho¬ 
toluminescence  characterization  of  the  NaYF4:Yb3+,Er3+/Ti02  core— shell  NPs  and  the  photoelectric 
performance,  alternating  current  impedance  spectroscopy  of  DSSCs  are  characterized  using  transmission 
electron  microscopy,  X-ray  diffraction,  upconversion  luminescence  (UCL)  spectrofluorimetry  and  elec¬ 
trochemistry.  Compared  with  the  pure  Ti02  PE  or  the  NaYF4:Yb3+,Er3+  upconversion  NPs  and  Ti02 
simply  mixed  prepared  PE  as  the  volume  ratio  of  the  core-shell  structure,  the  DSSCs  with  the  upcon¬ 
version  core— shell  PE  show  a  greater  photovoltaic  efficiency.  The  energy  conversion  efficiency  of  the 
DSSCs  with  a  NaYF4:Yb3+,Er3+/Ti02  PE  is  23.1%  higher  than  with  a  pure  Ti02  PE  and  99.1%  higher  than 
with  a  mixed  PE  using  the  same  conditions.  This  enhancement  is  due  to  the  UCL  core  extending  the 
spectral  response  range  of  DSSCs  to  the  infrared  region  and  their  particular  shell  structure,  retaining  its 
semiconductor  character.  This  method  represents  a  novel  approach  to  increase  the  efficiencies  of  DSSCs. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Clean,  renewable  energy  utilization  has  recently  been  proposed 
as  a  main  solution  for  global  warming  [1].  A  dye-sensitized  solar 
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cells  (DSSCs),  first  designed  by  O’Reagan  and  Gratzel  in  1991  [2],  is 
a  remarkable  renewable  energy  system  with  low  cost  and  a  simple 
fabrication  methodology.  A  DSSC  comprises  a  photoelectrode  (PE) 
of  dye  adsorbed  on  porous  nanocrystalline  Ti02,  a  counter  electrode 
of  platinum  or  conductive  polymer  [3]  and  an  electrolyte  solution 
between  the  electrodes.  The  PE  is  one  of  the  most  important 
components  in  the  DSSC  because  the  amount  of  light  absorbed  in 
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the  DSSC  is  dependent  on  the  absorption  spectrum  of  the  PE  [4]. 
Generally,  DSSCs  with  a  dye-sensitized  Ti02  PE  have  a  maximum 
absorption  in  the  visible  region  of  the  total  incident  solar  irradia¬ 
tion  [5,6],  which  means  that  approximately  50%  of  solar  irradiation 
energy  in  the  ultraviolet  and  infrared  regions  is  not  utilized  [7]; 
therefore,  the  solar  energy  conversion  efficiency  of  DSSCs  is  limited 
in  these  cases  [8].  Accordingly,  extending  the  spectral  response 
range  of  DSSCs  to  the  infrared  or  ultraviolet  region  is  extremely 
important  to  increase  the  efficiency  of  DSSCs. 

Upconversion,  lanthanide-based  NPs  have  received  consider¬ 
able  attention  because  they  can  convert  near-infrared  (NIR) 
photons  to  visible  light  by  absorbing  low-energy  photons  and  then 
emitting  high-energy  photons.  They  have  been  extensively  studied 
to  be  used  in  flat-panel  displays  [9],  solar  cells  [10],  iatrical  detec¬ 
tion  [11]  and  bio-imaging  probes  [12-14]  because  of  advantages 
such  as  their  upconversion  luminescence  (UCL)  characteristics, 
high  light  penetration  depth  in  tissues,  no  photo  damage  to  living 
organisms  and  low  background  noise.  Hexagonal  phase  sodium 
yttrium  fluoride  ((3-NaYF4)  crystals  have  been  reported  to  be  one  of 
the  most  efficient  upconversion  host  materials  and  have  been 
widely  studied  [15,16].  The  hexagonal  phase  NaYF4:Yb3+,Er3+  core 
is  the  most  efficient  NIR-to-visible  UCL  material  and  exhibits 
a  strong  upconversion  fluorescence  [17-19].  In  addition,  the  core¬ 
shell  geometry  makes  possible  the  combination  of  core  and  shell 
characteristics,  which  further  improves  the  function  of  devices  and 
expands  the  range  of  potential  applications.  Practically,  much  effort 
has  gone  into  the  design  and  fabrication  of  nanocomposites  with 
a  core— shell  structure  [20-23].  To  our  knowledge,  however,  the 
usage  of  NaYF4:Yb3+,Er3+/Ti02  core-shell  structure  in  DSSCs  has 
not  yet  been  reported  in  the  literature. 

In  this  work,  a  multifunctional  NaYF4:Yb3+,Er3+/Ti02  core— shell 
structured  nanocomposite  was  synthesized  and  used  as  a  PE  of 
DSSCs  to  investigate  the  possibility  of  increasing  the  spectral 
response  of  DSSCs  for  the  first  time.  The  combination  of  UCL 
materials  and  the  Ti02  semiconductor  not  only  has  upconversion 
properties  but  also  functions  as  a  semiconductor.  The  morphology, 
structure  and  photoluminescence  properties  of  the 
NaYF4:Yb3+,Er3+/Ti02  core— shell  nanoparticles  (NPs)  and  the 
photoelectric  performance  and  alternating  current  (AC)  impedance 
spectroscopy  of  DSSCs  were  characterized  by  transmission  electron 
microscopy  (TEM),  X-ray  diffraction  (XRD),  upconversion  lumi¬ 
nescence  (UCL)  spectrofluorimetry  and  electrochemistry.  The 
enhancement  of  the  photovoltaic  efficiency  of  the  novel  upcon¬ 
version  core-shell  PE  of  DSSCs  was  also  investigated. 

2.  Experimental 

2.1.  Synthesis  of  NaYF4:Yb3-,Ei3-  UCL  NPs 

NaYF4:Yb3+,Er3+  UCL  NPs  were  synthesized  in  oleylamine  (OM) 
by  thermolysis  of  rare  earth  trifluoroacetates  ((CF3COO)3RE)  and 
sodium  trifluoroacetate  (CF3COONa)  precursors  [24,25].  Y203 
(0.39  mmol),  Na2C03  (0.50  mmol),  Yb203  (0.10  mmol)  and  Er203 
(0.01  mmol)  were  dissolved  in  10  mL  of  50%  aqueous  trifluoroacetic 
acid  at  80  °C.  The  trifluoroacetates  were  obtained  from  the  slow 
evaporation  of  the  residual  water  and  acid.  Then,  10  mL  of  OM  was 
added.  The  reaction  solution  was  heated  to  120  °C  and  maintained 
at  this  temperature  for  30  min  to  remove  residual  water  and 
oxygen,  during  which  the  flask  was  purged  periodically  with  dry 
argon.  The  resulting  optically  transparent  solution  was  heated  to 
330  °C  and  maintained  at  this  temperature  for  1  h  under  an  argon 
atmosphere  to  prepare  NaYF4:Yb3+,Er3+  UCL  NPs.  After  this  period, 
the  reaction  solution  was  cooled  down  to  80  °C  NaYF4:Yb3+,Er3+ 
UCL  NPs  were  precipitated  by  the  addition  of  absolute  ethanol.  The 
products  were  isolated  by  centrifugation  and  washed  with  hexane 


and  deionized  water.  This  procedure  was  repeated  at  least  two 
more  times.  The  resulting  UCL  NPs  were  dispersed  in  25  mL  of 
5  mM  cetyltrimethyl  ammonium  bromide  (CTAB)  isopropyl  alcohol 
solution  and  stirred  for  1  h.  In  the  solution  obtained,  CTAB  was 
absorbed  to  the  surface  of  the  NaYF4:Yb3+,Er3+  UCL  NPs  as  the 
cationic  surfactants  [26],  causing  the  surface  of  the  UCL  NPs  to 
become  positive. 

2.2.  Synthesis  of  NciYF4:Yb3+,Er3+/Ti02  core-shell  NPs 

The  preparation  of  multifunctional  NaYF4:Yb3+,Er3+/Ti02  core— 
shell  NPs  was  as  follows:  an  18  mL  of  8.2  mM  isopropyl  titanate 
isopropyl  alcohol  solution  mixing  with  the  same  molecular  acety- 
lacetone  (1:1,  the  molar  ratio  with  the  isopropyl  titanate)  served  as 
the  Ti02  precursor  [27].  Then,  6  mL  50%  isopropanol  aqueous 
solution  was  added  drop  by  drop  under  strong  stirring.  The  reaction 
solution  was  heated  to  80  °C  and  the  prepared  UCL  NPs  isopropyl 
alcohol  solution  containing  CTAB  was  added.  After  the  addition  of 
0.03  g  of  ammonium  persulfate,  the  solution  was  refluxed  at  80  °C 
for  90  min.  A  Ti02  shell  was  formed  on  the  surface  of  the  UCL  NPs. 
The  products  were  isolated  by  centrifugation  and  washed  three 
times  with  absolute  ethanol  and  deionized  water. 

2.3.  Synthesis  of  HO2  NPs 

The  Ti02  NPs  were  synthesized  using  sol-gel  and  hydrolysis 
techniques  from  tetrabutyl  titanate  (97  wt%)  precursor  [28].  The 
typical  preparation  process  was  as  follows:  Tetrabutyl  titanate  was 
hydrolyzed  in  a  pH  =  3  ethanol  aqueous  solution  under  strong 
stirring,  then  dried  at  80  °C  in  an  oven  for  2  h. 

2.4.  DSSC  fabrication 

NaYF4:Yb3+,Er3+/Ti02  core-shell  NPs  were  used  for  slurry.  The 
film  electrodes  were  fabricated  via  the  doctor-blade  technique  on 
FTO  glass  (14  Q  sq  \  an  average  transmittance  of  90%  in  the  visible 
wavelength,  Nippon  Sheet  Glass  Co.,  Japan,  active  area  =  0.196  cm2) 
[29].  After  air  drying,  the  electrodes  for  the  DSSCs  were  annealed 
for  30  min  at  100  °C,  330  °C  and  480  °C  and  treated  with  a  0.1  M 
TiCl4  aqueous  solution  at  70  °C  for  1  h.  Following  annealing  for 
30  min  at  100  °C,  330  °C  and  480  °C,  the  electrodes  were  immersed 
in  a  0.5  mM  solution  of  cis-bis(isothiocyanato)bis(2,2'-bipyridyl- 
4,4/-dicarboxylato)-ruthenium(II)-bis-etrabutyl  ammonium  (N719 
dye,  Solaronix)  in  ethanol  for  24  h  at  room  temperature  in  the  dark 
[3].  Finally,  a  dye-sensitized  solar  cell  was  assembled  by  injecting 
a  drop  of  electrolyte  containing  0.05  M  I2,  0.5  M  Lil,  0.6  M  1,2- 
dimethyl-3-propylimidazolium  iodide,  0.5  M  guanidine  thiocya¬ 
nate,  and  0.5  M  4-tert-butylpyridine  in  10  mL  acetylacetone  into 
the  aperture  between  the  NaYF4:Yb3+,Er3+/Ti02  PE  and  a  platinized 
FTO  glass  counter  electrode.  The  DSSC  based  on  a  pure  Ti02  elec¬ 
trode  or  NaYF4:Yb3+,Er3+  and  Ti02  NPs  (volume  ratio  similar  to  the 
core-shell)  mixed  electrode  was  prepared  using  the  same  method. 

2.5.  Characterization 

TEM  was  used  to  study  the  NP  morphology.  TEM  measurements 
were  performed  on  a  JEM-2010  (JEOL)  microscope  operated  at 
200  kV.  Powder  X-ray  diffraction  patterns  were  measured  by  XD-3 
X-ray  diffraction  with  Cu  Ka  radiation  (JCa  =  0.15406  nm)  at  36  kV 
and  20  mA.  Upconversion  spectra  of  the  core  and  core— shell  NPs 
were  detected  using  a  FLS920  fluorescence  spectrophotometer.  A 
980  nm  diode  laser  (0.8  W)  was  used  when  measuring  the  samples. 

The  photovoltaic  testing  of  the  DSSCs  was  performed  by 
measuring  the  photocurrent  density-cell  potential  curves  using 
a  CHI660C  electrochemical  device  under  simulated  AM  1.5  solar 
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illumination  at  100  mW  cm  2  from  a  xenon  lamp  in  ambient 
atmosphere  before  and  after  using  an  IR-cut  filter  (750  ±  5  nm  at 
T  =  50%,  400-720  nm  at  T  >  85%,  780-1100  nm  at  T  <  0.1%,  Giai- 
photonics  Co.,  China).  The  fill  factor  and  overall  light-to-electrical 
energy  conversion  efficiency  of  the  DSSCs  were  calculated  accord¬ 
ing  to  the  equations  in  reference  [30].  AC  impedance  spectra  of  the 
DSSCs  with  different  PEs  were  measured  using  a  CHI660C  elec¬ 
trochemical  device  assembled  with  a  platinized  FTO  glass  electrode 
as  the  counter  electrode  under  simulated  AM  1.5  solar  illumination 
at  100  mW  cm-2  from  a  xenon  lamp  in  an  ambient  atmosphere. 
Initial  E  =  open-circuit  voltage  of  each  cell,  high  frequency  = 
1  x  105  Hz,  low  frequency  =  0.05  Hz,  amplitude  =  0.005  V,  and 
quiet  time  =  2  s. 

3.  Results  and  discussion 

3.1.  Morphology  and  structure  characterizations 

Fig.  1  shows  the  TEM  images  of  Ti02  and  NaYF4:Yb3+,Er3+/Ti02 
core-shell  NPs  at  different  annealing  temperatures.  When 
annealed  at  100  °C  (Fig.  la),  the  Ti02  NPs  were  determined  to  be 
approximately  10-20  nm  in  diameter.  At  higher  annealing 
temperatures  (Fig.  lb,  c),  the  Ti02  NPs  agglomerated  to  20-30  nm 
in  size  at  330  °C  and  greater  than  30  nm  with  numerous  approxi¬ 
mately  10  nm  particles  at  480  °C.  Meanwhile,  the  Ti02  agglomer¬ 
ation  changed  from  homogeneous  at  330  °C  to  heterogeneous  at 
480  °C,  which  could  be  due  to  the  changing  of  the  crystal  lattice  or 
the  loss  of  residual  water  molecules  and  organic  groups  during  the 
annealing  process. 

The  core-shell  structures  of  the  NaYF4:Yb3+,Er3+/Ti02  core¬ 
shell  NPs  annealed  at  100  °C,  330  °C  and  480  °C  were  clearly 
observed  in  the  TEM  images  shown  in  Fig.  Id— 1.  As  the  annealing 
temperature  increased,  the  shell  changed  from  uniform  Ti02 
lamella  to  disrupted  Ti02  NPs  enwrapping  the  NaYF4:Yb3+,Er3+ 
core.  The  TEM  image  shows  that  the  Ti02  shell  was  thin  and 
uniform,  with  a  thickness  of  approximately  3-4  nm,  which  is  much 
smaller  than  the  diameter  of  the  NaYF4:Yb3+,Er3+  NPs  annealed  at 
100  °C  (Fig.  le,  in  circle).  After  annealing  at  330  °C,  the  Ti02  shell  of 
the  NaYF4:Yb3+,Er3+/Ti02  core-shell  became  thicker  and  irregular: 
it  had  a  thicker  shell  on  part  of  the  particles  and  a  thinner  shell  on 
most  of  the  particles  (Fig.  lh,  in  circle).  Moreover,  some  sections  of 
the  outermost  layer  of  the  Ti02  shell  chapped  and  formed  a  shell  of 
10-30  nm  Ti02  NPs  enwrapping  the  NaYF4:Yb3+,Er3+  core  (refer  to 
the  arrows  in  Fig.  Ik,  1).  At  some  areas  of  the  core  surface,  the  Ti02 
shell  became  much  thinner,  such  that  the  NaYF4:Yb3+,Er3+  core  was 
almost  bare;  light  was  easily  transmitted  at  these  areas.  This  result 
was  likely  due  to  two  factors  in  the  shell’s  structural  evolvement: 
the  change  of  the  crystallite  shape  of  the  Ti02  shell  and  the  increase 
in  the  NaYF4:Yb3+,Er3+  core  size  [31].  The  shell  annealed  at  100  °C 
was  composed  of  lots  of  dispersing  crystalline  regions  with  the 
lattice  spacing  from  0.342  nm  to  0.354  nm  determined  by  a  selected 
area  fast  Fourier  transform  (FFT)  pattern  (the  inset  of  Fig.  If).  The 
lattice  arrangement  of  the  shell  annealed  at  330  °C  was  regular 
with  a  lattice  spacing  of  0.351  nm  (also  determined  by  the  FFT 
pattern  in  the  inset  of  Fig.  li)  and  corresponded  to  the  lattice 
spacing  of  the  {101}  plane  of  the  anatase  phase.  For  the 
NaYF4:Yb3+,Er3+  core  annealed  at  100  °C  and  330  °C  (Fig.  ld-h), 
most  particles  observed  were  approximately  20-40  nm  in  size  and 
coexisted  with  a  few  smaller  size  particles;  however,  the  size  of  the 
NaYF4:Yb3+,Er3+  core  annealed  at  480  °C  (Fig.  lj,  k)  increased  to 
100-150  nm.  The  increase  in  the  core  size  could  also  be  advanta¬ 
geous  for  the  shell’s  morphological  and  structural  evolution  as  the 
annealing  temperature  is  increased. 

Fig.  2  shows  the  crystalline  structures  of  the  NaYF4:Yb3+,Er3+/ 
Ti02  core-shell  (Fig.  2a),  the  NaYF4:Yb3+,Er3+  core  (Fig.  2b)  and 


Ti02  NPs  (Fig.  2c)  characterized  using  the  powder  XRD  technique. 
Anatase  phase  gradually  formed  in  the  Ti02  NPs  (Fig.  2c)  when  the 
annealing  temperature  increased  from  100  °C  to  330  °C  and 
completely  transformed  into  pure  anatase  when  annealed  at 
480  °C,  as  determined  from  the  appearance  of  the  anatase  Ti02 
peaks  confirmed  by  the  Joint  Committee  on  Powder  Diffraction 
Standards  Card  File  No.  21-1272  (JCPDS  21-1272)  from  100  °C  to 
330  °C  and  the  disappearance  of  non  anatase  diffraction  peaks 
(Fig.  2c,  arrows)  from  330  °C  to  480  °C.  From  the  XRD  pattern  of  the 
NaYF4:Yb3+,Er3+  core  in  Fig.  2b,  the  samples  were  observed  to  be 
well  crystallized,  and  the  diffraction  peaks  matched  the  standard 
pattern  of  the  highly  crystalline  hexagonal  phase  of  the 
NaYF4:Yb3+,Er3+  crystals  (JCPDS  28-1192)  at  different  annealing 
temperatures,  with  the  exception  of  a  small  presence  of  NaF 
impurity  in  the  sample  at  480  °C  (Fig.  2b,  arrows).  From  Fig.  2a— c, 
the  diffraction  peaks  of  the  crystalline  hexagonal  phase  of  the 
NaYF4:Yb3+,Er3+  core  and  the  Ti02  shell  with  anatase  characteris¬ 
tics  were  observed  simultaneously.  From  the  XRD  patterns  of 
NaYF4:Yb3+,Er3+/Ti02  core-shell  annealed  at  330  °C,  diffraction 
peaks  of  anatase  Ti02  were  observed  beside  the  crystalline 
hexagonal  phase  NaYF4:Yb3+,Er3+  core  diffraction  peaks,  which 
confirmed  the  coexistence  of  the  core  and  shell,  as  shown  in  Fig.  lh 
and  i.  For  the  NaYF4:Yb3+,Er3+/Ti02  core— shell  annealed  at  480  °C, 
the  diffraction  peaks  of  the  NaYF4:Yb3+,Er3+/Ti02  core  were 
weaker,  and  the  diffraction  peaks  of  the  anatase  Ti02  shell  were 
higher  and  sharper  than  at  330  °C,  indicating  that  the  bulky  core 
formed  and  thus  weakened  the  contribution  of  the  unit  volume 
core.  The  shell  remained  as  anatase  Ti02,  and  the  anatase  Ti02 
surface  exposure  was  increased  according  to  the  structural  change 
of  the  core  and  shell,  as  shown  in  Fig.  lj— 1.  The  27.8°  peak  (Fig.  2a, 
arrow)  was  a  sign  of  rare  earth  elements  in  combination  with 
titanium  sodium  compounds  (Na5Ti3Fi4,  JCPDS  27-0816)  and  indi¬ 
cated  that  the  Ti02  shell  and  the  NaYF4:Yb3+,Er3+  NP  core  were 
chemically  combined  and  not  mixed  or  in  simple  contact  in  the 
core— shell  structure  at  480  °C,  as  shown  in  Fig.  lj— 1. 

3.2.  Photoluminescence  characteristics  (PL) 

Fig.  3  shows  the  room  temperature  upconversion  fluorescence 
spectra  of  NaYF4:Yb3+,Er3+  and  NaYF4:Yb3+,Er3+/Ti02  core-shell 
NPs  in  powder  and  their  photographs  in  solution  under  NIR  exci¬ 
tation  (980  nm).  The  visible  luminescence  spectrum  of  the 
NaYF4:Yb3+,Er3+  NPs  reveals  two  emission  bands  in  the  green  (525, 
542  nm)  and  red  (655  nm)  spectral  regions  (Fig.  3e),  which  can  be 
attributed  to  the  2Hn/2,4S3/2-4Ii5/2  (green)  and  4F9/2— 4Ii5/2  (red) 
transitions  of  Er3+  ions  [11,31].  The  intensity  of  the  green  emission 
is  stronger  than  that  of  the  red  emission.  From  100  °C  to  480  °C,  the 
fluorescence  intensity  of  the  NaYF4:Yb3+,Er3+  core  was  gradually 
enhanced  (Fig.  3e-h),  which  appeared  green  rather  than  red 
because  the  human  naked  eye  is  more  sensitive  to  green  color  than 
red,  as  shown  in  these  photographs. 

After  the  NaYF4:Yb3+,Er3+  NPs  were  coated  with  a  Ti02  layer, 
their  visible  luminescence  spectrum  retained  the  same  emission 
bands  as  the  cores,  and  the  fluorescence  intensity  decreased  to 
some  extent  because  of  the  light-reflecting,  light-refracting  and 
light-scattering  effect  on  both  the  emission  and  incident  light  by 
the  Ti02  layer  (Fig.  3a).  It  is  well  recognized  that  the  emission  of 
rare  earth  ions  will  be  quenched  to  some  extent  in  the  environ¬ 
ments  that  have  a  high  phonon  frequency  [32].  The  organic  groups 
in  CTAB  that  have  tremendous  vibration  frequencies  from  1000  to 
3500  cm-1  will  quench  the  emission  of  Er3+  to  a  great  extent  in  the 
NaYF4:Yb3+,Er3+/Ti02  core— shell  system  for  100  °C  and  330  °C.  The 
penetrability  of  a  long  wave  is  known  to  be  superior  to  a  shorter 
wave.  For  100  °C  and  330  °C,  the  short  wave  part  of  the  green 
spectral  region  (525,  542  nm)  was  mostly  quenched  by  CTAB  and 
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Fig.  1.  TEM  images  of  Ti02  NPs  annealed  at  (a)  100  °C,  (b)  330  °C  and  (c)  480  °C  and  NaYF4:Yb3+,Er3+/Ti02  core-shell  NPs  annealed  at  (d-f)  100  °C,  (g-i)  330  °C  and  Q-l)  480  °C 
with  bars  of  different  scales.  The  insets  show  the  fast  Fourier  transform  (FFT)  patterns  of  the  selected  areas  in  (f)  and  (i). 


then  the  remainder  reflected  by  the  tight  Ti02  shell  and  severely 
weakened,  with  only  wavelengths  greater  than  660  nm  partly 
penetrating  the  shell.  Very  faint  emissions  visible  to  the  naked  eye 
could  be  detected  under  an  NIR  laser,  as  shown  in  Fig.  3b  and  c. 
However,  the  fluorescence  intensity  of  the  core-shell  annealed  at 
480  °C  became  remarkably  strong  (Fig.  3d)  due  to  the  TiCb  shell 
chapping  (Fig.  lj — 1)  and  the  residual  CTAB  being  removed  with  its 
thermal  decomposition.  In  addition,  with  the  increase  in  temper¬ 
ature,  the  size  of  the  particles  became  larger,  which  could 


remarkably  increase  the  fluorescence  intensity  of  the  core  [33].  The 
gradually  enhanced  fluorescence  intensity  of  the  NaYF4:Yb3+,Er3+/ 
Ti02  core-shell  with  annealing  temperature  can  be  seen  in 
Fig.  3a-d.  Moreover,  upon  comparison  of  Fig.  3a  with  Fig.  3e,  the 
intensity  ratio  of  the  green  emission  to  the  red  emission  was 
reduced  after  coating  with  the  TiCh  shell,  which  may  due  to  the 
presence  of  a  shell  that  changes  some  energy  gap  bridges  that 
facilitate  the  nonradiative  energy  transfer  of  4Ii3/2 — 4F9/2  and  4Iis/2 — 
4I11/2  for  Er3+  [11], 
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Fig.  2.  XRD  patterns  of  the  (a)  NaYF4:Yb3+,Er3+/Ti02  core-shell,  (b)  NaYF4:Yb3+,Er3+ 
core  and  (c)  Ti02  NPs  annealed  at  different  temperatures. 


3.3.  Photoelectric  performance  ofDSSCs  with  different  PEs 

Fig.  4  shows  the  photoelectric  performance  of  DSSCs  using  the 
NaYF4:Yb3+,Er3+/Ti02  core-shell,  mixed  and  pure  Ti02  PEs.  The 
best  photoelectric  properties  occurred  after  annealing  at  480  °C. 
Here,  the  short-circuit  photocurrent  density  C/sc),  fill  factors  (FF) 
and  photoelectric  conversion  efficiency  (77)  of  the  NaYF4:Yb3+,Er3+/ 
Ti02  core-shell  PE  were  found  to  be  higher  than  those  of  both  the 
pure  Ti02  and  mixed  PEs  that  were  formed  with  the  same  annealing 
temperature  (480  °C).  However,  the  open-circuit  voltage  (V0c)  of 
the  mixed  PE  was  the  highest  among  these  electrodes  (listed  in 
Table  1).  The  energy  conversion  efficiency  of  the  DSSCs  with 
a  NaYF4:Yb3+,Er3+/Ti02  core-shell  PE  annealed  at  480  °C  was  23.1% 
higher  than  with  a  pure  Ti02  PE  and  99.1  %  higher  than  with  a  mixed 
PE  using  the  same  conditions  due  to  the  special  NaYF4:Yb3+,Er3+/ 
Ti02  core-shell  structure,  which  extended  the  spectral  response 
range  of  the  DSSC  and  improved  the  light  utilization  rate  of  the 


a  140001 


12000 - 330 °C  core-shell  ^ 

- 100°Ccore-shell  m 

.  -^200 


10000- 


3 


8000- 

6000- 

4000- 

2000- 

0 


—  480  °C  core-shell 


600  700 

A I  nm 


I  \  22 


500  550  600 


650  700 

A  I  nm 


750  800 


A  I  nm 


Fig.  3.  Upconversion  fluorescence  spectra  of  the  (a)  NaYF4:Yb3+,Er3+/Ti02  core-shell 
and  (e)  NaYF4:Yb3+,Er3+  core  NPs  annealed  at  100  °C,  330  °C  or  480  °C  (the  insets  are 
enlarged  sections  of  the  graphs)  and  their  photographs:  (b)  100  °C,  (c)  330  °C  and  (d) 
480  °C  core-shell;  (f)  100  °C,  (g)  330  °C  and  (h)  480  °C  core.  All  samples  were  excited 
with  a  980  nm  laser  diode. 


Fig.  4.  Photocurrent  density  Q) — cell  potential  (£)  curves  of  the  DSSCs  based  on  pure 
Ti02  and  NaYF4:Yb3+,Er3+/Ti02  core-shell  PEs  annealed  at  100  °C,  330  °C  and  480  °C 
and  the  mixed  PE  annealed  at  480  °C  measured  before  using  the  IR-cut  filter,  and  the 
NaYF4:Yb3+,Er3+/Ti02  core-shell  PE  annealed  at  480  °C  measured  after  using  the  IR- 
cut  filter.  The  measurements  were  recorded  under  100  mW  cm-2  illumination  using 
linear  sweep  voltammetry  with  an  initial  E  =  0  V,  a  final  E  =  0.9  V  and  a  scan 
rate  =  25  mV  s-1. 
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Table  1 

The  photovoltaic  parameters  of  the  DSSCs  based  on  the  pure  Ti02  and 
NaYF4:Yb3+,Er3+/Ti02  core-shell  PEs  annealed  at  100  °C,  330  °C  and  480  °C  and  the 
mixed  PE  annealed  at  480  °C  measured  before  using  the  IR-cut  filter,  and  the 
NaYF4:Yb3+,Er3+/Ti02  core-shell  PE  annealed  at  480  °C  measured  after  using  the  IR- 
cut  filter. 


Electrode 

Jsc/mA  cm  2 

Voc/V 

FF 

Vl% 

100  °C  pure  Ti02 

0.119 

0.481 

0.41 

0.02 

330  °C  pure  Ti02 

6.821 

0.773 

059 

3.12 

480  °C  pure  Ti02 

7.684 

0.806 

0.56 

3.51 

100  °C  core-shell 

0.063 

0.419 

0.38 

0.01 

330  °C  core-shell 

3.876 

0.736 

0.65 

1.85 

480  °C  core-shell 

8.321 

0.791 

0.66 

4.32 

480  °C  core-shell/IR-cut  filter 

7.321 

0.785 

0.64 

3.66 

480  °C  mixed 

4.082 

0.849 

0.63 

2.17 

DSSC  as  a  result  of  the  NaYF4:Yb3+,Er3+  core.  Additionally,  the  TiC^ 
shell  endowed  the  core— shell  NPs  with  the  Ti02  nature.  The  Ti02 
net  structure  remains  in  the  PE,  as  shown  in  Fig.  lj  and  k,  which 
could  be  the  intrinsic  reason  why  the  core-shell  PE  performed  so 
well  comparing  with  the  mixed  PE.  In  the  latter  the  Ti02  net 
structure  was  destroyed  owing  to  the  accumulation  of  noncon¬ 
ductor  NaYF4:Yb3+,Er3+  NPs.  The  electron  transfer  was  often 
blocked  in  the  mixed  PE  and  resulted  in  the  lowest  Jsc  and  rj  of 
DSSCs.  In  order  to  identify  that  the  enhancement  of  solar  cell  effi¬ 
ciency  was  due  to  nothing  else  than  upconversion,  an  IR-cut  filter 
which  can  eliminate  the  light  with  wavelengths  longer  than 
750  nm  was  used  to  measure  the  photoelectric  properties  of  the 
NaYF4:Yb3+,Er3+/Ti02  core-shell  PE  annealed  at  480  °C.  As  shown 
in  Fig.  4  and  listed  in  Table  1,  before  and  after  using  the  IR-cut  filter, 
the  energy  conversion  efficiency  of  the  DSSC  was  improved  about 
18.1%.  It  evidences  that  the  long- wavelength  light  really  contributes 
to  increasing  the  DSSCs’  efficiency  due  to  upconversion. 

The  photoelectric  performances  of  DSSCs  with  the 
NaYF4:Yb3+,Er3+/Ti02  core— shell  and  pure  Ti02  PEs  at  different 
annealing  temperatures  are  shown  in  Fig.  4.  As  the  annealing 
temperature  increased,  the  residual  water  or  organic  molecules  in 
the  NPs  would  burn  off,  and  the  NPs  would  link  more  closely  to 
each  other  during  the  annealing  process.  The  electron  transfer 
resistance  in  NPs  would  decrease,  and  the  photoelectric  perfor¬ 
mances  of  the  DSSCs  would  increase,  whether  with  the 
NaYF4:Yb3+,Er3+/Ti02  core-shell  or  pure  Ti02  PE  [34].  However, 
the  Jsc.  Voc,  FFand  y  of  DSSCs  based  on  the  NaYF4:Yb3+.Er3+/Ti02  PE 
at  100  °C  and  330  °C  were  all  found  to  be  lower  than  those 
measured  with  the  pure  Ti02  PE.  This  result  may  be  attributed  to 
the  non-conducting  NaYF4:Yb3+,Er3+  core  and  the  residual  CTAB  in 
the  tight  Ti02  shell  for  the  NaYF4:Yb3+,Er3+/Ti02  PE.  Charge  transfer 
was  only  permitted  to  take  place  in  the  Ti02  shell,  which  weakened 
the  conductivity  of  the  NPs.  In  addition,  UCL,  especially  the  short 
wave  part  of  the  green  spectral  region  (525,  542  nm),  was  severely 
weakened  by  the  residual  CTAB  and  tight  Ti02  shell  (Fig.  3a).  In  fact, 
the  absorption  range  of  the  N719  dye  in  the  green  spectral  region 
(~  500-600  nm)  was  more  effective  in  the  photoelectric  perfor¬ 
mances  of  DSSCs  than  that  in  the  red  spectral  region  (655-660  nm) 
[35].  Here,  the  increase  in  the  photoelectric  performances  by 
upconversion  of  the  core  was  a  secondary  factor  when  compared 
with  the  counter  effectiveness  of  the  non-conductive  core. 
Together,  lower  photoelectric  performances  than  those  of  pure  Ti02 
PE  at  100  °C  and  330  °C  were  obtained.  When  the  annealing 
temperature  was  increased  to  480  °C,  the  new  structure  of  small 
Ti02  NPs  enwrapping  a  large  UCL  NP  core  (Fig.  Ik,  1)  gradually 
formed  in  the  NaYF4:Yb3+,Er3+/Ti02  PE.  UCL,  especially  the  short 
wave  part  of  the  green  spectral  region  (525,  542  nm)  could  resume 
and  transmit  easily  through  its  new  NP  shell.  As  such,  the  increase 
in  photoelectric  performances  by  upconversion  of  the  core  became 


the  primary  factor  in  comparison  with  the  counter  effectiveness  of 
a  non-conductive  core;  the  Jsc,  FF  and  p  of  DSSCs  based  on 
NaYF4:Yb3+,Er3+/Ti02  PE  are  all  higher  than  those  of  the  pure  Ti02 
PE  (listed  in  Table  1). 

3.4.  AC  impedance  spectra  of  DSSCs  with  different  PEs 

AC  impedance  spectroscopy  is  a  powerful  method  for  investi¬ 
gating  internal  resistances  and  charge  transfer  processes  in  elec¬ 
trochemical  systems.  The  intermediate-frequency  feature  is 
attributed  to  the  electron  transfer  resistance  at  the  PEs  [36].  The  AC 
impedance  spectra  in  Fig.  5  clearly  show  the  semicircles  in  the 
intermediate-frequency  region,  ranging  from  several  thousands  Hz 
to  1  Hz  for  the  CEs  studied.  The  impedance  values  around  10  Hz  for 
different  PEs  indicate  that  the  electron  transfer  resistance  for  the 
NaYF4:Yb3+,Er3+  and  TiC^  mixed  PE  annealed  at  480  °C  was  higher 
than  those  for  the  core-shell  PE  and  the  pure  TiC^  PE  at  the  same 
annealing  temperature,  which  may  be  attributed  to  the  non- 
conductive  NaYF4:Yb3+,Er3+  NPs  and  the  discontinuity  of  the  Ti02 
in  the  mixed  PE,  and  the  core— shell  PE  was  higher  than  the  pure 
Ti02  PE  at  the  same  annealing  temperature. 

Fig.  5  shows  that  as  the  temperature  increases  from  100  °C  to 
480  °C,  the  impedance  values  around  10  Hz  decrease  for  the  pure 
Ti02  PEs,  as  do  those  for  the  core— shell  PEs  from  100  °C  to  330  °C.  It 
should  be  attributed  to  the  Ti02  NPs  or  shells  of  PEs  becoming  more 
tightly  connected  with  the  organic  impurity  decomposing  at  the 
high  temperature.  For  the  core-shell  PEs  annealed  at  480  °C, 
however,  the  non-conductive  core  grew  lager,  and  the  shell  became 
small  Ti02  NPs  or  even  discontinuous,  such  that  the  electron 
transfer  was  negatively  affected. 

3.5.  Investigation  of  the  formation  mechanism  and  function  of  the 
new  core— shell  PE 

Scheme  1  shows  the  structural  schematics  of  PEs  based  on 
a  NaYF4:Yb3+,Er3+/Ti02  core-shell  and  mixed  and  pure  TiCh  NPs, 
all  annealed  at  480  °C.  The  NaYF4:Yb3+,Er3+/Ti02  core— shell 
structure  that  was  annealed  at  480  °C  showed  an  excellent 
capacity  of  converting  infrared  to  visible  luminescence  and 
retained  its  semiconductor  character.  When  the  annealing 
temperature  increased  from  100  °C  to  480  °C,  combining  larger 
particles  were  formed,  the  Ti02  shell  of  the  NaYF4:Yb3+,Er3+/Ti02 
core— shell  transformed  from  uniform  Ti02  lamella  to  disrupt  Ti02 
NPs  enwrapping  the  NaYF4:Yb3+,Er3+  core  such  that  the  upcon¬ 
version  core  was  exposed  (Scheme  la  and  Fig.  Ik,  1).  Finally,  the 


Z'/  ohm 

Fig.  5.  AC  impedance  spectra  of  DSSCs  based  on  bare  FTO,  pure  Ti02,  NaYF4:Yb3+,Er3+/ 
Ti02  core-shell  and  mixed  PEs  under  100  mW  cm-2  illumination,  initial  E  =  open- 
circuit  voltage  of  each  cell,  high  freq  =  100  kHz,  low  freq  =  0.05  Hz,  amplitude  =  5  mV. 
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Scheme  1.  Schematics  of  PEs  based  on  the  (a)  NaYF4:Yb3+,Er3+/Ti02  core-shell,  (b) 
mixed  and  (c)  pure  Ti02  NPs  annealed  at  480  °C. 

structural  evolution  enhanced  the  fluorescence  intensity  of  the 
material  and  extended  the  spectral  response  range  of  DSSCs  to 
infrared  radiation,  which  contributed  to  the  enhancement  of  the 
DSSCs’  efficiencies.  In  addition,  the  new  core-shell  structural 
design  remained  as  the  Ti02  net  structure  of  the  PE  (Scheme  la  and 
Fig.  Ik,  1)  and  resulted  in  a  better  capability  of  electron  transfer, 
which  was  the  same  important  factor  for  the  enhancement  of  the 
DSSCs’  efficiencies.  For  the  mixed  PE,  however,  the  UCL  NPs  and 
Ti02  NPs  simply  accumulated,  and  the  connection  between  the 
semiconductor  Ti02  NPs  was  obstructed  by  the  nonconductor  UCL 
NPs,  which  blocked  electron  transfer  (Scheme  lb  and  Fig.  5).  For  the 
pure  Ti02  PE,  the  infrared  radiation  was  utilized  to  a  much  smaller 
degree  because  of  the  absence  of  UCL  NPs,  although  its  electron 
transfer  properties  were  the  best  among  all  of  the  PEs  because  of 
the  Ti02  net  structure  (Fig.  5  and  Scheme  lc).  As  a  result,  the 
upconversion  core-shell  structure  is  more  effective  for  efficiency 
enhancement  of  DSSCs  than  either  the  simple  mixed  or  the  pure 
Ti02  PE  (Fig.  4  and  Table  1). 

4.  Conclusions 

In  this  work,  novel  upconversion  NaYF4:Yb3+,Er3+/Ti02  core- 
shell  structure  NPs  were  successfully  synthesized  and  used  as 
a  PE  in  DSSCs.  This  core-shell  structure  material  was  composed  of 
an  upconversion  NaYF4:Yb3+,Er3+  core  enwrapped  by  many  Ti02 
NPs.  This  core-shell  structure  showed  an  excellent  capacity  to 
convert  infrared  to  visible  luminescence  and  retain  semiconductor 
character,  which  was  used  to  fabricate  a  more  efficient  DSSC  as 
opposed  to  using  pure  TiC^  NPs  and  a  simple  mixture.  When  using 
this  specific  core-shell  structure,  the  NaYF4:Yb3+,Er3+  core  can 
absorb  and  utilize  the  infrared  light,  and  at  the  same  time,  the  Ti02 
shell  net  can  effectively  transmit  the  electrons  in  the  PE;  both 
improved  the  conversion  efficiency  of  the  DSSCs. 

However,  this  single  upconversion  material  still  has  some  defi¬ 
ciencies,  such  as  a  narrowband  emission  spectrum,  and  its 
conversion  efficiency  has  room  for  improvement.  Perhaps  if  the 
core  were  doped  with  more  rare  earth  elements,  a  larger  spectral 
range  could  be  utilized  from  the  absorption  of  a  wider  spectrum  of 
infrared  light  and  efficient  conversion  to  wideband  visible  light. 


UCL  materials  can  play  a  more  important  role  in  DSSCs,  which  will 
be  the  next  focus  of  our  research. 
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